One hundred sixty-two 21-d-old ducks were randomly allotted to 6 treatments with 3 levels of mycotoxin-contaminated corn (0, 50, and 100% M) and 2 levels of Calibrin-A (CA, a clay mycotoxin adsorbent, 0 and 0.1%) to evaluate the effects of increasing levels of mycotoxin-contaminated corn on nutrient utilization in ducks fed diets with or without CA. Endogenous losses were obtained from another 27 ducks. Excreta samples were collected to determine DM, OM, CP, amino acids, and gross energy. Gross energy was analyzed for computation of AME and TME. The apparent digestibility (AD) and true digestibility (TD) of the nutrients in all treatments with and without CA had common (P > 0.05) intercepts and slopes except Pro (P < 0.05). The AME, TME, AD, and TD of DM, OM, Phe, and Gly were linearly (P < 0.05) decreased as the concentration of contaminated corn in the diet increased. Ducks fed the 100% M diet supplemented with 0.1% CA increased AD and TD of Gly compared with the 100% M diet, and ducks fed 50 and 100% M diet supplemented with 0.1% CA increased AD and TD of Pro compared with 50% M and 100% M diet, respectively. In the present study, ducks fed mycotoxincontaminated corn decreased nutrient digestibility in dose-dependent manner, and 0.1% CA supplementation improved AD and TD of Gly and Pro.
INTRODUCTION
The contamination of animal feed with mycotoxins, which are the toxic secondary metabolites produced by fungi or molds that grow on grain or feed (Chu, 1991) , leads to worldwide problems for farmers. Mycotoxins are produced during different phases of production and processing, generally in favorable humidity and temperature conditions (Bittencourt et al., 2005) . The most common mycotoxins are aflatoxins (AFL), zearalenone (ZEA), fumonisins (FUM), deoxynivalenol (DON), ochratoxin A (OTA), and T-2 toxin (T-2) (Hussein and Jeffrey, 2001) . Naturally contaminated feeds are more toxic than feeds with the same levels of a pure mycotoxin supplemented into the diet (Whitlow and Hagler, 2005) , and several mycotoxins may be found in the same feed (Hagler et al., 1984) .
Abundant evidence has demonstrated the toxic effects of mycotoxins in naturally contaminated corn on the growth performance, histopathology, and immune system of pigs (Swamy et al., 2002) , horses (Raymond et al., 2003) , and hens (Dänicke et al., 2002) . Starter pigs and broiler chickens fed increasing levels of corn and wheat naturally contaminated with Fusarium mycotoxins had negative effects on brain neurochemistry in dose-dependent manner (Swamy et al., 2004) . Aravind et al. (2003) reported that a naturally contaminated diet (AFL, 168 μg/kg; OTA, 8.4 μg/kg; ZEA, 54 μg/ kg; and T-2, 32 μg/kg) fed to commercial broilers was associated with significant decreases in urea nitrogen and hematocrit values along with altered γ-glutamyl transferase activity. Aflatoxin B 1 (AFB 1 ) could cause deteriorated functions of bacteriocidal and tumoricidal activity in duck macrophages (Cheng et al., 2002a) . A diet containing 0.1 mg/kg of AFL caused deleterious effects in broiler chicks (Shi et al., 2006) . Aflatoxins had detrimental effects, which increased with level, on phagocytotic ability and tumor necrosis factor-like substance secretion (Cheng et al., 2002b) and caused liver damage (Ostrowski-Meissner, 1983) in ducks. However, very limited information is available on the effects of mycotoxin-contaminated corn on digestibility of nutrients, and this is especially true on nutrient digestibility of ducks.
The adverse effects in animals associated with ingestion of mycotoxin-contaminated feed can be alleviated through physical, chemical, nutritional, or biological approaches. Among the various adsorbents that have been reported to prevent the deleterious effects of mycotoxins, clay, whose main components are hydrated sodium calcium aluminosilicates (HSCAS), has been more promising given its ability to prevent mycotoxicoses arising from mycotoxins (Huwig et al., 2001) . Hydrated sodium calcium aluminosilicates have been reported to have positive effects in ZEA-treated mice (Abbès et al., 2007) and AFL-and T-2-treated broilers (Bailey et al., 1998 (Bailey et al., , 2006 , but have been shown to impair nutrient utilization and mineral absorption (Chung et al., 1990; Chestnut et al., 1992) . Previous studies in our laboratory also demonstrated that clay adsorbents were effective in ameliorating the deleterious effect of zearalenone on piglets (Jiang et al., 2010a (Jiang et al., ,b, 2012a . On the assumption that mycotoxin-contaminated corn probably influences metabolism, and aflatoxin B 1 (AFB 1 ) is the most potent (Richard, 2007) , the present study was conducted to evaluate the toxicity of increasing levels of dietary mycotoxin-contaminated corn (mainly AFB 1 ) and the effect of Calibrin-A, which is a clay adsorbent and has shown detoxication effects in mycotoxin-contaminated corn on ducks in our laboratory (Li et al., 2012; Wan et al., 2013) , on nutrient availability of ducks.
MATERIALS AND METHODS

Preparation of Mycotoxin-Contaminated Corn and Adsorbents
Discarded corn infested with severe Aspergillus flavus growth and contaminated with AFB 1 was salvaged from a private feed mill. Upon analysis, the contaminated corn contained the following mycotoxins: 170 μg/ kg of AFB 1 , 0.35 mg/kg of ZEA, 0.99 mg/kg of DON, and 3.52 mg/kg of FUM. Corn that was not contaminated was also obtained and contained 0.1 mg/kg of ZEA, 0.39 mg/kg of DON, and 1.18 mg/kg of FUM, and AFB 1 was under the detection limit. The nutrient analysis of the contaminated and uncontaminated corn was determined according to AOAC International (1995) , and the results were basically the same.
Calibrin-A (CA), a thermally processed commercial calcium montmorillonite adsorbent, was obtained from Amlan International, a division of Oil-Dri Corporation of America.
Experimental Design, Birds, and Management
The animal care and use protocol was reviewed and approved by Shandong Agricultural University Animal Nutrition Research Institute. One hundred sixty-two 21-d-old Cherry Valley ducks (mixed sex) were obtained from Rongda Agricultural Development Co., Ltd., Shandong, China, and randomly distributed into 6 dietary treatments groups with 9 replicates of 3 ducks for each diet. The experimental diets (Table 1) were formulated based on the NRC (1994) recommendations for duck diets and breed standards, and mycotoxincontaminated diets were made by replacing uncontaminated corn with contaminated corn. The 6 dietary treatments were T1: control diet formulated without contaminated corn (0% M); T2-T3: treatments 2 and 3 were formulated by replacing uncontaminated corn with mycotoxin-contaminated corn at 50 and 100%, respectively (50% M, 100% M); and T4-6: treatments 4 to 6 were formulated by supplementing 0.1% CA to the diets of T1-T3, respectively (0% MCA, 50% MCA, 100% MCA). The endogenous contribution was calculated from excreta collected from an entirely separate group of twenty-seven 21-d-old ducks (9 replicates of 3 ducks) that underwent the same procedure without being fed during the excreta collection period. All ducks were continuously provided with uniform light for 24 h, and room temperature was maintained at 19°C.
Analysis of Mycotoxins
Deoxynivalenol was analyzed using ELISA and HPLC-UV; ELISA and fluorometer techniques were used to measure ZEA, FUM, and AFB 1 levels (Li et al., 2012; Wan et al., 2013) . The detection limit for these mycotoxins was 1 μg/kg for AFB 1 , 0.1 mg/kg for ZEA, 0.1 mg/kg for DON, and 0.25 mg/kg for the The diet of treatment 1 was formulated without contaminated corn (0% M); the diets of treatments 2 to 3 were formulated by replacing uncontaminated corn with mycotoxin-contaminated corn at 50 and 100%, respectively (50% M, 100% M); and the diets of treatments 4 to 6 were formulated by supplementing 0.1% Calibrin-A (Amlan International) to the diets of treatments 1 to 3, respectively (0% MCA, 50% MCA, 100% MCA).
2 Supplied per kilogram of diet: vitamin A, 9,500 IU; cholecalciferol, 3,600 IU; vitamin E, 40 IU; vitamin K 3 , 5.5 mg; thiamine, 3.0 mg; riboflavin, 12.6 mg; pantothenic acid, 16.5 mg; pyridoxine, 4.1 mg; cobalamin, 0.025 mg; niacin, 75 mg; choline chloride, 1,000 mg; biotin, 0.25 mg; folic acid, 2.1 mg; Mn, 90 mg; Fe, 68 mg; Zn, 86 mg; Cu, 8.6 mg; I, 0.29 mg; and Se, 0.25 mg. 3 The chemical composition of the diets was determined according to AOAC International (1995) except ME, which was a calculated value. FUM. A composite sample of each experimental diet was assayed for mycotoxins before and at the end of the feeding experiment. The actual analyzed values of AFB 1 were 7. 80, 52.16, 98.73, 8.39, 57.37, and 103.61 μg/kg in the 6 dietary treatments, respectively. Other mycotoxins in the treatments assayed were 0.19 ± 0.02 mg/kg of ZEA, 2.17 ± 0.40 mg/kg of FUM, and 0.82 ± 0.26 mg/kg of DON.
Experimental Method
The total fecal collection method was used to determine nutrient digestibility. Experimental ducks were distributed randomly and enclosed into individual metabolic cages labeled with the respective dietary treatments. This allowed total collection of excreta from each individual separately. Clean stainless steel collection trays were placed under each cage. Before arrival at the experimental farm, ducks were fed the control diet (local feed formulation) from d 1 to 20. There was an adaption period of 7 d in which the ducks were fed the experimental diets to adapt to the diets before collection of excreta. The endogenous treatment was fed the control diet. After the adaption period, the test diets were given for 3 d beginning on d 8 to 10, and excreta was collected during the same period. In addition, the ducks in the endogenous treatment were deprived of feed for 48 h after the initial 24-h fasting period to determine endogenous nutrient production. Ducks were fed for ad libitum intake and had free access to water throughout the whole experiment.
Collection and Analyses of Samples
Feed samples were prepared for determination of DM intake and subsequent chemical analysis during the collection. Excreta were collected daily for 72 h (48 h for the endogenous treatment), pooled and weighed, mixed for each replication of 3 ducks, and frozen at −20°C until all analysis were done. All chemical analyses were performed in duplicate. The samples of feed and excreta were analyzed for DM and CP according to procedures of the AOAC. The feed and fresh excreta were analyzed for N according to the Kjeldahl N method to determine CP content (total N × 6.25 = CP). Another sample of feed and excreta was dried at 65°C and finely ground by mortar and pestle to pass a 0.5-mm screen, and then stored in sealed containers for determination of DM, organic matter (OM), gross energy (GE), and amino acid (AA, except tryptophan). Feed and excreta were analyzed for DM by drying at 105°C for 48 h. The dry samples were then burned in a muffle furnace for 3 h at 550°C, and the ashes were used to determine the content of crude ash. Organic matter was calculated by the difference between DM and crude ash. The GE was measured with an adiabatic bomb calorimeter (WHR-15 Oxygen bomb calorimeter, Changsha, China). The apparent metabolizable energy and true metabolizable energy values of the feedstuffs were calculated by the method described by Sibbald (1976) . The AA concentration was assayed with Hitachi 835 type high-speed automatic amino acid analyzer.
Calculation and Statistical Analysis
Apparent digestibility (AD) and true digestibility (TD) of DM, OM, CP, GE, and AA were calculated using the following equations:
where E1 = total amount (mg) of the nutrient (DM, OM, CP) and gross energy (GE, kcal) in the diet that was fed to each duck; E2 = total amount (mg) of the corresponding nutrient (DM, OM, CP) and GE (kcal) in excreta collected during the 3-d period; and E3 = total amount (mg) of the corresponding endogenous nutrient (DM, OM, CP) and gross energy (GE, kcal) in excreta collected during the 3-d period without being fed.
The AME and TME (DM basis) were calculated using the following equations: AME (kcal/kg) = (E4 − E5)/E7, TME (kcal/kg) = (E4 -E5 + E6)/E7, where E4 = total amount (kcal) of energy in diet that was fed to each duck; E5 = total amount (kcal) of energy in excreta collected during the 3-d period; E6 = total amount (kcal) of energy in excreta collected during the 3-d period without being fed; and E7 = the feed intake of diet that was fed to each duck (DM basis).
Data from all duck assays were calculated using the GLM procedure of SAS (SAS Institute Inc., 2003) . Linear regression was calculated by least squares using the GLM procedure of SAS (SAS Institute Inc., 2003) . Values obtained from individual replicates were used as the units for statistical analysis. Differences among treatments were tested using Duncan's multiple range tests. In all analyses, significance was declared at P < 0.05, and within a column, at least one same and one different superscript means a tendency to significance (0.05 < P < 0.1).
RESULTS
AME, TME, AD, and TD of DM, OM, CP, and GE
The effects of increasing contaminated corn on AME, TME, AD, and TD of DM, OM, CP, and GE in ducks fed diets with or without 0.1% CA supplementation are shown in Table 2 . The AME, TME, AD, and TD of DM, OM, CP, and GE in all treatments with and without CA had common (P > 0.05) intercepts and slopes.
The AME, TME, TD, and AD of DM and OM were linearly (P < 0.05) decreased as the concentration of diet-contaminated corn increased. Ducks fed 100% M diet supplemented with 0.1% CA tended to (0.05 < P < 0.1) increase AME and TME compared with 100% contaminated corn diet only.
AD and TD of AA
The AD and TD of AA in all treatments with and without CA had common (P > 0.05) intercepts and slopes except Pro (P < 0.05; Tables 3, 4 , 5, and 6). The AD and TD of Phe and Gly were linearly (P < 0.05) decreased as the concentration of contaminated corn in the diet increased. Ducks fed 100% M diet supplemented with 0.1% CA increased AD and TD of Gly compared with the 100% M diet, and ducks fed the 50% and 100% M diet supplemented with 0.1% CA increased AD and TD of Pro compared with the 50% M and 100% M diet, respectively.
DISCUSSION
Dietary Mycotoxin Concentrations
Though feedstuffs used in the study were selected carefully, the concentration of AFB 1 in the 0% M and 0% MCA diets were higher than expected, suggesting that the feedstuffs were extensively contaminated by mycotoxins in China. In the purposefully contaminated diets, dietary AFB 1 content increased as the inclusion of contaminated corn increased, resulting in levels higher than the US Food and Drug Administration (FDA, 2010) action level of 20 μg/kg of total AFL in feed and the EC (2002) maximum content of 20 μg/kg of AFB 1 in poultry feed. No physical and pathological effects were detected on mallard ducklings fed a diet containing 12 μg/kg of AFL (Hurley et al., 1999) . Other mycotoxins in any treatment assayed in the study were all within the regulation levels of GB 13078. 2-2006 (AQSIQ-SAC, 2006 ; ZEA <0.5 mg/kg) and FDA (2001; FUM <100 mg/kg, DON <5 mg/kg). Zearalenone appears to have no effect on poultry health and performance (Allen et al., 1981) . Relatively high doses of FUM are required to induce measurable effects in poultry (Whitlow and Hagler, 2005) . A dosage of FUM lower than 20 mg/kg did not affect the metabolic rate of nutrients and energy (Henry et al., 2000) . A previous study conducted in our laboratory showed that nutrient digestibility in female broilers was not affected by diets containing FUM (3.15 or 5.50 mg/kg) from naturally contaminated corn (Zou et al., 2012) . Ducks appeared resistant to FUM toxicity with 5 mg/kg per day of FUMB 1 for 12 d (Bailly et al., 2001) . No poisoning manifestations were found when ducks fed diets containing FUMB 1 under 8 mg/ kg (Tran et al., 2005) . Growing chicks and laying hens are relatively insensitive to corn contaminated naturally with 2 to 3 mg of DON/kg and 0.4 to 0.6 mg of ZEA/kg (Keshavarz, 1993) . Poultry can endure 20 mg of DON/kg without toxic effects (James, 2007) . Therefore, the predominant mycotoxin in the present study is AFB 1 , and it is likely that the difference observed in the experiment was mainly due to AFB 1 effects.
Effects of Mycotoxin-Contaminated Corn
Feeding mycotoxin-contaminated diets at 0.8 and 1.2 mg/kg of diet caused a reduction in digestibility of DM, OM, Ca, and P of broiler chickens (Kermanshahi et al., 2007) . Similarly, reductions in the digestibility of DM and OM in ducks treated with mycotoxin-contaminated corn were observed in the present study. The reduction in OM digestibility demonstrates that the digestibility of at least one of the organic nutrients of the diets was affected. In the current study, digestibility of CP was not affected by administration of mycotoxin-contaminated corn. Digestibility of ether extract, starch, and other carbohydrates was not measured in the experiment. Therefore, it is possible that the digestibility of ether extract and starch were affected more than CP during mycotoxin-contaminated corn ingestion. The effect of mycotoxin-contaminated corn on digestibility of CP may be ascribed to the fact that the digestibility of some AA were decreased in 50 and 100% mycotoxincontaminated corn but other amino acids were not. The decrease in AME and TME content of the 100% M diets is partially in agreement with the above hypothesis, which corroborates with the report of Kermanshahi et al. (2007) . Verma et al. (2002) fed broilers with diets containing AFL at 0.0, 0.5, 1.0, and 2.0 mg/kg and reported a decrease in total protein efficiency at 2.0 mg of AFL/kg, whereas ME content was reduced at both the 1.0 and 2.0 mg of AFL/kg. The AD of CP was significantly lower by 8.5 and 12.8%, respectively, in 20 and 40 μg/kg of AFB 1 -treated ducks than that of conventional feed free of AFB 1 (Han et al., 2008) . Dry matter digestibility, amino acid digestibility, and energy utilization of chicks were reduced when corn was artificially molded with the Penicillium spp. and with Aspergillus ochraceus (Nelson et al., 1982) . These results together with results obtained in the current experiment show that nutrients and energy utilization are reduced by AFL-contaminated corn.
Studies have indicated that AFL could stimulate the forepart of the gastrointestinal tract directly and cause pathologic changes (Huff et al., 1986) , induce mucosal damage in intestines, and negatively affect intestinal functions in poultry (Applegate et al., 2009 ). Matur et al. (2010) reported that duodenum α-amylase activity and pancreatic and duodenal lipase activities were decreased in hens fed a diet containing 100 μg of AFL/ kg. Osborne et al. (1982) reported that AFL at levels not considered growth inhibitory produced a malabsorption syndrome characterized by steatorrhea, hypocarotenoidemia, and decreased concentrations of bile salts, pancreatic lipase, trypsin, amylase, and RNase dose dependently in broiler chicks. Aflatoxin interferes with utilization of dietary protein by inhibiting syn-2202 yANG ET AL. Means within a column with different superscripts differ significantly (P < 0.05; n = 9).
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No CA, diets without CA (Amlan International) supplementation; with CA, diets supplemented with 0.1% CA. Ducks fed diets with or without CA supplementation consisted of 3 treatments for each diet: a control diet with uncontaminated corn (0% M) and test diets formulated by replacing uncontaminated corn with mycotoxin-contaminated corn at 50 and 100%, respectively (50% M and 100% M).
2 P (compared with 0) means common slope compared with 0. Means within a column with different superscripts differ significantly (P < 0.05; n = 9).
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2 P (compared with 0) means the difference between common slope and 0. Means within a column with different superscripts differ significantly (P < 0.05; n = 9).
2 P (compared with 0) means the difference between common slope and 0. thesis of DNA, RNA, and protein (Smith, 1982) . The height of intestinal villi and depth of crypts reflects the surface area for nutrient absorption (Xu et al., 2003) . An increase in villus/crypt ratio is known to be associated with better nutrient absorption and growth performance (Wu et al., 2004) . Villus height and villus/crypt ratio of the duodenum, jejunum, and ileum decreased linearly as dietary AFB 1 -contaminated corn concentration increased (Wan et al., 2013) . This would affect nutrient absorption and decrease digestibility of nutrients and may be one of the reasons that AFLtreated animals had depressed growth performance.
Effects of CA
Dietary addition of clay enterosorbent in a ZEA-contaminated diet improved the apparent digestibility of nutrients (CP, GE) and net protein utilization in piglets (Jiang et al., 2012a) . The mold-contaminated corn, which contained 450.6 μg of AFB 1 /kg, 68.4 μg of OTA/ kg, and 320.5 μg of T-2/kg, decreased apparent retention of crude lipid and phosphorus in broilers, and the addition of 0.2% HSCAS increased the apparent retention of phosphorus (Liu et al., 2011) . However, addition of 2% HSCAS to tall fescue hay diets did not affect apparent absorption by sheep of OM, N, Ca, P, Na, K, or Cu, but the apparent absorption of Mg, Mn, and Zn was reduced (Chestnut et al., 1992) . In the present study, dietary supplementation of 0.1% CA had no significant effect on nutrient availability in ducks. However, 100% M diet decreased AME and TME compared with 0% M diet without 0.1% CA supplementation, and the 100% M diet supplemented with 0.1% CA tended to increase AME and TME compared with the 100% M diet. Ducks fed 100% M diet supplemented with 0.1% CA increased AD and TD of Gly compared with the 100% M diet, and ducks fed 50 and 100% M diet supplemented with 0.1% CA increased AD and TD of Pro compared with the 50 and 100% M diet, respectively. Addition of 0.1% CA to mycotoxin-contaminated diets increased villus height and villus/crypt ratio of the small intestine in a study by Wan et al. (2013) , which may account for the results seen here. Different results observed in the various studies may be affected by several factors including species and concentration of mycotoxin and mycotoxin adsorbent supplementation.
In the present study, replacing corn in duck feed with 50 and 100% naturally mycotoxin-contaminated corn containing 170 μg/kg of AFB 1 , decreased nutrient digestibility in a dose-dependent manner, and 0.1% CA supplementation improved AD and TD of Gly and Pro. Further studies will be needed to elucidate the potential mechanism of AFB 1 and CA on nutrient availability of ducks and the optimal CA (%):AFB 1 (μg/kg).
